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Unravelling the band crossings in%Se and "Kr: The quest for T=0 pairing
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High-spin band crossings iN=Z nuclei have been suggested to contain informatioriTer0 neutron-
proton pairing correlations. Several experiments that produced high angular momentum statehlinzthe
nuclei §3Se andj2Kr have been carried out. Levels in these neutron deficient nuclei were populated through
heavy-ion fusion reactions and their subsequendecay was measured with Gammasphere. The combination
of these data allowed the level sequence in yrast and near yrast bands to be firmly established, extended to
higher spin, and has resolved some previously published discrepancies. The yrast sequéSee vims
extended to spid=26 and a new band crossing observed’dkr, the ground state band was found to fork
into three bands, each of which has irregularities in its moment of inertia. Differential Doppler shift measure-
ments indicate that the two high-spin bands have very different shapes. Similar, sharp band crossings were
established in both nuclei. A comparison of these data with recent measurembhtsZaf 2 nuclei "°Se and
7Kr allowed the issue of “delayed alignments” to be addressed in detail. No clear-cut evidence for any delay

was found.
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[. INTRODUCTION exact shell model calculations, so various approximations

have to be made which further cloud the issues. In experi-

The alignments and backbends of rotational sequences iment, the key nuclei lie far from stability, and the total pro-
even-even intermediate mals=Z nuclei have been the fo- duction cross sections of individual isotopes are very small
cus of intense theoreticdll—9] and experimenta]10-15  (~200 ub). Performing detailed spectroscopy above spin
scrutiny. The main reason for this attention is the notion thatl= 14, where the interesting physics occurs, is at the limits
neutron-proton ifp) pairing modes, either witif=0 or 1,  of current experimental techniques, even using the largest
could augment the normd@l=1 neutron and proton pairing detector arrays. As we will discuss, the experimental situa-
fields and modify high-spin behavior, particularly altering tion in %8Se and’?Kr is further exacerbated by oblate-prolate
the nuclear moment of inertia at high spin. Specifically, it hasshape coexistence and a very unusual “forking” fiKr.
been suggested that pair fields wil=0 isospin symmetry The central issue of an “alignment delay” in rotational
would respond less abruptly to the Coriolis interaction assofrequency caused hyp pairing focuses on identifying a ref-
ciated with rotation and cause delays in the pair breaking, oerence that constitutes normal behavior, or no delay. In heavy
alignment frequencies at which the nucleus begins a transiuclear rotors like those found in the rare-earth and actinide
tion from superfluid to rigid body behavior. These changes irregions, the nuclear shape is very stable and neighboring
the moment of inertia can be inferred by measuring the nuclei can provide this reference. In the intermediate mass
rays emitted as the nucleus cools and slows in its rotation. Asuclei under discussion, this assumption is not valid as the
there are few other clear-cut experimental signatures preswclei change in shape when the neutron or proton number,
ently available to probe these short-range correlations, or even the rotational frequency, is varied. Consequently, the
this line of research has been very active. interpretation of an experimentally observed delay is always

Unfortunately, a clear understanding of these alignmentgar from clear. There is theoretical consen$ti§—19 that
has been very slow in coming, both in the theoretical andhe T=0 component of thap correlation should be strongly
experimental domains. In theory, the difficulties arise as thdavored inN=Z nuclei, and rapidly fall whelN>Z to a
pairing fields are intimately connected with the shape of thepoint that it is rather insignificant in stable heavy nuclei. As
nucleus, as are the exact locations of single particle statesresult, the search far=0 correlations has centered around
near the Fermi surface. Rigorously associating shifts ircomparing alignments iN=Z andN=Z+ 2 isotopes in nu-
alignment frequency witmp pairing correlations alone, and clei that are heavy enough to support the notion of a pairing
not with effects arising from the shape degrees of freedomijeld.
has been elusive. Schematic calculations includipgpair- Another area of emerging consen$@8-23 is the infer-
ing interactions have been made for the-70—-80 region, ence that althoughp correlations, in general, are important
but the full fpg-shell model space is too large to permit in determining the ground state binding energy, pair transfer
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TABLE |. Description of the experimental datasets used in this work. “GS ID” refers to the identification
number of the Gammasphere experiment.

Reaction Epeam (MeV) GS ID Location Auxiliary detectors
36Ar+4%Ca 145 GS52 88-Inch Cyclotron Microball, Neutron detectors
4Cat*Ca 160 GSFMA19 ATLAS Microball, Neutron detectBrs
& \[Ee 220 GSFMA32 ATLAS FMA

36Ar+4%Ca 145 GSFMA74 ATLAS Microball, Neutron shell

815 scintillators from the University of Pennsylvania and the University of Manchester.
b20 scintillators from the University of Pennsylvania and the University of Manchester.
“The 30 detector neutron shell from Washington University.

‘cross sections, and low spin properties of both even-eveenergies allows the cascades to be extended to the highest
and odd-oddN=Z nuclei, theT=0 np contributions appear angular momenta.

weak relative toT=1 contributions. Couplings witif=1

and higher order ¢-like clustering are dominant. What is

much more controversial is how these correlations are dimin- A. %8se

ished with spin. It has been suggested that the experimental
observations can be explained By-1 pairing along3], or
require enhanced =1 correlations that might simulate the
effect of T=0 pairs[4], or that there is a switch fronT
=1 to T=0 pairing with increasing spifb]. It is this area

In 8Se, a recent low spin studR7] extended previous
work [28,29 and allowed an investigation of oblate-prolate
shape coexistenc&®Se has emerged as one of the few nuclei
in nature with a substantial oblate ground state deformation.

that is the focus of the present research: an attempt to inﬁowever, the small moment of inertia of th? oblate configu-
prove the experimental data to allow these questions to bERtion 1eads to near-prolate states becoming yrast adove
more rigorously challenged. =6. In the current analysis, the yrast line was extended from

In this paper we have solidified the experimental situationd =12 to J=26. This was quite difficult, as in two places
in theN=Z nuclei ®Se and’?r and compared these data to there are backbends, and both irregularities occur at closely
neighboring nuclei in a manner that helps to clarify the causgpaced energiegd161/1047 keV and 1169/1048 kg\hese
of the irregularities in the moments of inertia. The evidencedoublets could only be deconvoluted through comparison of
for alignment delay and its possible implications are therdatasets; the NiC reaction only populated the lower dou-
considered. blet, while the high-spin experiments populated both. The

left panel of Fig. 1 shows the resulting decay scheme for
Il. THE EXPERIMENTS ®8Se, and Table Il includes information on transition ener-
gies and intensities deduced from tA%r+4°%Ca reaction.

All the experiments were heavy-ion fusion evaporationThe quality of the data can be seen in Fig. 2, which shows a
studies, carried out elt_her at the 88-Inch cyclotron at BerkecOmposite spectrum of rays in %8Se produced from a sum
ley or at the ATLAS linear acce'lerator at Argonne. In all yy-gated channel-subtracted coincidence spectra. The
cases they rays were detected using Gammasphi@d, the 1045 kevy member of the 1047/1048-keV doublet can be iso-

L.J'S' natiqnabf—ray facility. In these experiments, it was con- lated by requiring that the transition be in coincidence with
figured with either—70 or —100 Compton suppressed, large y,¢ 1365 kev and 1449-keV transitions, as shown in Fig. 3.

volume germanium detectors, with channel selection through Angular distributions were analyzed in order to determine
light charged particl¢25] and neutron detection, or by de- . . .
the multipolarity of transitions. Due to the small cross sec-

tecting reaction products in the Argonne Fragment Mass. . X S
Analyzer (FMA) [26]. Table | summarizes the experiments,%_on for this reactlon_, datg for the individual G“ammasphere
rings were grouped into five sets of angles. A “channel sub-

including details of the reactions, Gammasphere configura- 2> ™=~ 5 . .
tion, and channel selection mode. traction,” which consisted of removing the background due

to the feedthrough of reaction channels with higher particle
multiplicity, was performed, and singlg-ray gates over all
angles on the known transitions ifi®Se were applied.
This paper presents a careful comparative analysis of seysample data are shown in Fig. 4 for the 1449-ke\/-86 "
eral datasets in order to clarify the band structure$®®e  transition between the prolate and oblate staipper pane|
and "?Kr. No single reaction or single beam energy containsand for the newly observed 1169-keV 18- 16" transition.
sufficient information to allow the construction of unambigu- Both distributions are consistent with=2 multipolarity.
ous y-ray decay schemes. This is particularly true for estabThe results of this analysis are included in Table Il. Above
lishing the sequence of rays in a single, long deexcitation spinJ=18, the transitions are too low in intensity to extract
cascade. Population at low beam energies allows the lowndividual angular distributions. However, above this point
lying sequence to be established and ordered, as the intensitye band spacings become regular and appear consistent with
drops off quickly with spin, while population at higher beam a rotational cascade &2 transitions.

IIl. ANALYSIS
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FIG. 1. The decay schemes f8%Se and’?Kr deduced from this work. Th&8Se sequences were inferred from tH€(>Ni,2n) and
“%ca(®Ar,2a) reactions, and thé’Kr sequences from thé’Ca(*°Ca,2x) reaction.

B. "Kr rather than the 1368-key ray observed by de Angelit al.

The lowest excited states iffKr were observed in 1987 [10]. The result was significant because it implied that the
by Varley et al. [30] in an elegant experiment that used the backbend had not been observed, and was delayed to still
Daresbury recoil separator to identify recoiling krypton nu-higher frequency.
clei that were produced in the highly inverse reactidNi Two additional studies were published in 2001, one by
+1%0 at 170 MeV. Six candidate transitions were identifiedFischeret al. [11,14 using the*°Ca+ “°Ca reaction at 160
as belonging to’’Kr from the recoil-gatedy-ray singles MeV, and the other by Kelsalkt al. [12] using the 3°Ar
data. Although spins were not assigned, the lowest three tran- 40Ca reaction at 145 keV. The first reported a smooth con-
sitions in the ground state band were clearly identifit@,  tinuation of the ground state band to a tentative spin df,26
612, and 790 ke) Dejbakhshet al. [31] usedyy coinci- including the 1662-keV transition observed by Hausladen
dences and thé°Ca(®*Cl,p2n) reaction at 95 MeV to con- [32], and with no evidence for a backbend at high spin. The
firm the lowest two transitions and assigned tentative spins in368-keV transition seen by de Angebs$ al. [10] was not
the ground state band &= (8"). found to be a continuation of the ground state band. In addi-

In 1997, de Angeligt al.[10] extended the level scheme tion, an irregular sequence that appeared to become yrast was
significantly to a tentative spin of 6using the GASP array found above spin 72 however, it was believed to be asso-
and the*°Ca(*®Ca,2v) reaction at 160 MeV. Transitions in ciated with a more spherical, terminating configuration rather
the ground state band were shown to increase regularly ithan a continuation of the ground state band. Kelsalél.
energy in the region between thé 4nd 14" states. Aback- [12] confirmed the regular sequence of transitions to spin
bend was observed, albeit delayed relative to the frequenc0s. Two transitions(1023 keV and 1588 keV in enerpy
predicted by total Routhian surfa¢€RS) calculations10],  were tentatively placed as a cascade that fed into the ground
with a 1368-keV 16 —14" transition placed above the state band above spin 2 but the linking transitions were
1509-keV 14 —12" transition. A deformation of 8,  not observed. The authors indicatek®] that the 1588-keV
=0.37(7) was deducdd 0] from a Doppler shift attenuation transition showed no evidence for a rotational sequence ex-
measurement for the™8-67 transition. A parallel study by tending to higher energies, similar to the irregular sequence
Hauslader{32], using the*°Ca(®®Ar,2p2n) reaction at 145 discussed by Fischet al.[14]. The 1367-keV transition ob-
MeV and the Gammasphere array, confirmed the grounderved previously by de Angelist al. [10] was placed as
state band up to a spin of £4 This work, however, indicated feeding into the 1508-keV 14-12* transition, and as-
that the 16 —14" transition was a 1664-keV transition signed a tentative spin of #5based on a directional corre-
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TABLE Il. The energies, spins, and parities of the excited stateglear from the measured relative intensities; however, the
of %*Se obtained from thd°Ca(*°Ar,2) reaction, and the energies, 1240-keV and 1369-keV intensities are identical. Placement
relative intensities, and measured multipolarities of transitions fromyf the 1369-keV transition below the 1240-keV transition is
these states. based on the earlier observation of only the 1369-kekay
by de Angeliset al. [10] and Kelsallet al. [12]. The poor

(kix\/) (Jh) (kEe</) ((I)/Z) (I;L) efficiency for detecting high energy rays combined with
the low statistics for small cross section measurements and

853 2" 853.42) 2 the unusual forking behavior observed in this nucleus, make
1594 2" 74001) <11 the unravelling of the level scheme difficult. Despite these

15941) difficulties, the sequences shown in Fig. 1 are strongly sup-
1941 4t 1088.32) 100(15) 2 ported by+y-ray coincidence data and intensity balances. We
2545 4" 951.1(5) <12 mention that the 20— 18" 1830-keV transition of banB is

1691.75) 53(12) placed above the 1739-key ray, although the measured
3303 6" 1361.83) 71(12) 2 intensity of the former is greater thaibut approximately
3706 6" 1160.73) 46(10) 2 equal to within errorsthat of the latter transition. The order-

17641) 34(10) ing of these two transitions is not firm. A search for a 2034-

4753 8" 1046.73) @ 44(18) 2 keV transition, which would remove all ambiguity by linking
1448.53) 5910 2 the J=18 state of band and theJ=16 state at 8747 keV,

5960 10 1207.43) 96(14) 2 was carried out. If present, such a decay is below our level of

7332 12 1372.G3) P 68(9) 2 sensitivity (five units in Table 11).

8824 14 1491.93)° 74(13) 2 Angular distributions were analyzed using channel-
9872 16 1047.75) 41(13 2 subtracted spectra on which singteray gates were applied.
11041 18 1168.63) 46(10) 2 The results are included in Table Ill. The three panels in Fig.
12798 (20) 1757.15) 17(8) 8 present the angular distribution data for the 1588-, 1662-,
15186 (22) 23892) 26(16) and 1022-keV transitions in bands and B. Each of the
18076 (24) 28903 20(11) distributions is consistent with that expected for quadrupole
(21202 (26%) 31264) <10 radiation, supporting the assignmentb# 16 for the states

. — - : = at 8821 keV and 8747 keV, and the assignmeni-=sfl8 for
This transition was fit as a doublet with the transition from the he 9769-keV state. Analysis of distributions for the 1369-

9872-keV state. keV and 1240-keV transitions was not possible due to their

®The ordering of these transitions is based on the relative intensitieﬁ)W intensity and the presence of a contamingriay near
observed in thé®Ni+ 2C low spin study, which populated states up 1370 keV.

to spinJ=14. The high-spin’%Kr experiment was designed to extend

the decay scheme. Thin targets500 ug/cn?, were used to

lation analysis. Two sidebands were also observed, eaddichieve high and uniform recoil velocity and thus minimize
feeding into the ground state band at low spin. the Doppler broadening. However, some sensitivity to

The decay scheme foPKr as deduced in this analysis is nuclear lifetimes remains, specifically for those states that
presented in Table Il and the right panel of of Fig. 1, with ahave a high probability of decaying as the nucleus slows
composite spectrum of rays in "?Kr contained in Fig. 5. down in the target. For’Kr recoiling in *°Ca at
The difficulty, contradictions, and confusion in the earlier ~1 MeV/nucleon this corresponds to states with effective
studies can be understood as the result of an unusual behdifetimes (i.e., state lifetime plus feeding timef 25—-100 fs
ior observed around spin 46 where the yrast sequence has[33]. As shown in Fig. 9, clear differential Doppler effects
a “triple fork,” resulting in three 16 states separated by less can be seen when comparing transitions from bakeadB
than 300 keV in energy. The yradt 16 level reported by de observed in detectors at forward and backward angles. On
Angelis et al. [10] in fact carries little flux, and the higher average, the transitions in baBdwere emitted from nuclei
spin configurations decay mainly to the second and third traveling at a higher velocity than in baid as is clear from
=16 states. The irregular band referred to by Fisatesl. the larger Doppler shifts of states neh#22. To reliably
[14] and reported by Kelsa#t al. [12] is now firmly placed measure these short lifetimes, the high-spin decay scheme,
and orderedband A in Fig. 1. Figure 6 shows spectra pro- including detailed information about the feeding, needs to be
duced from sums ofyy coincidence gates dupper pangl  well known and data of high statistical quality are required in
the 1369-keV transition with members of the ground statehe lifetime region of interestJ&20). Further, precise infor-
band, andlower panel the 1467-keV transition with mem- mation is required concerning the exact target thickness and
bers of the ground state band. From these spectra there ég@mposition, the thickness of gold “flashes” on the front and
evidence for the placement of tli&240 keV,1369 keYand back of the targetwhich prevent oxidation and the kine-
(1022 keV,1588 keY cascades below the 1467-keV matic bias imposed by detecting evaporated particles. The
20" —18" transition. Figure 7 shows a sum ofy gates current experiments were not optimized for such measure-
selected to enhance the transitions in bandPlacement of ments, and the systematic uncertainties have prevented accu-
the 1588-keV transition below the 1022-keV transition israte lifetime extraction.

064318-4



UNRAVELLING THE BAND CROSSINGS IN%8Se AND . . . PHYSICAL REVIEW C67, 064318 (2003

250 ‘ ; ; ; ; ; experience feeding patterns with similar time structure. Un-
der this assumption, we can use the time difference observed
for bandsA and B to estimate the mean lifetime df=22
state in band as 14(5)} 50(15)=61(16) fs. This translates
into a quadrupole moment ;= 1.15(15)e b, substantially
smaller than that of the ground state band. It is this qualita-
tive difference that we will discuss further, though it should
be emphasized that a precise investigation of the lifetimes in
these bands is very important and is planned. This result is
reminiscent of, but more dramatic than, the “shrinking” at
high spin reported for'*Kr [34], where a reduction in the
quadrupole moment d®;=2.9eb to Q;=2.1 eb was ob-
served.
Two other rotational structures have been repofted],
: decaying into the ground state bandJat2 andJ=6. For
1500 2000 2500 3000 ' - "
Energy (keV) the_former, we cannot co_nflrm the origin of these trgnsmons_,
as in our data the band is hardly populated. The higher spin
FIG. 2. A spectrum ofy-ray transitions in°®Se obtained froma Se€quence is more strongly populated, but the ordering of
sum of yy-gated coincidence spectra. The nucleus was produced iffansitions is difficult to establish, as many have near-equal
the 4°Ca(®°Ar,2a) reaction. Background due to the breakthrough ofintensity. Thus the relative positions of levels in babd
the 2a1p and 2x2p reaction channels has been subtracted. shown to the right in Fig. 1, should be viewed as tentative.
The final decay scheme inferred from our data sets is how in
What can be more reliably extracted is the lifetinifer-  quite close correspondence with the latest version from the
encebetween the bands, a quantity that is less sensitive tdork group[15]. However, the linking transitions we have
the present uncertainties, as many of the systematic effecteund atJ=18 andJ=26 lift some of the ambiguities inher-
cancel. The difference in lifetimes near spls=22 is A7  entin both the decay patterns arising from long cascades of
=50(15) fs, a result that is found to be rather insensitive tdransitions of near-equal intensity.
most analysis parameters. At present, only one lifetime is
known for “?Kr [10], the J=8—6 ground state band transi-
tion, with a mean lifetime of 40@50 fs, corresponding to a
transitional quadrupole moment Qf=2.52(47)eb. Of the
two bandsA and B, bandB appears to have the smoothest
development of moment of inertia, and corresponds most
closely to a rotation without shape change. Assuming a con-
stant quadrupole moment for this band, an extrapolation
from spinJ=8 implies a mean lifetime of 18) fs for the
J=22 state at 14305 keV. As the two bands are close in
excitation and are similarly populated, it is quite likely they
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FIG. 4. Angular distribution data for two transitions f§Se.

FIG. 3. The sum of singley-ray gates on the 1362-keV and The upper panel shows data for the 1449-ke\-86" transition
1449-keV transitions irf®Se. Note the presence of the 1048-keV between the prolate and oblate states. The lower panel shows data
and 1169-keV transitions and the absence of the 1047-keV antbr the 1169-keV 18— 16" transition. Both transitions are consis-
1161-keV transitions. tent with L =2 multipolarity.
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TABLE Ill. The energies, spins, and parities of the excited states
of "Kr, and the energies, relative intensities, and measured multi-
polarities of transitions from these states.

E, Jm E, l, L
(keV) (%) (keV) (%) (%)
710 2+ 710.12) ~200 2
1322 4 611.82) 2
2114 6" 791.62) 2
3110 8" 995.52) 100 2
3799 168%1) <20
4295 10 1184.92) 76(12) 2
4758 959.18) <20
16481) <20
5650 12 1354.93) 61(11) 2
6050 1292.(8) 41(12)
7159 14 1509.23) 65(12) 2
7165 1115.48) 32(12)
8528 (16) 1369.28) 10(2)
8597 1432.19) 27(9)
8747 16 1588.26) 29(5) 2
8821 16 1661.96) 22(3) 2
9769 18 1021.96) 18(2) 2
124Q1) 10(2)
10041 1444.®) 25(8)
10 560 18 1738.66) 15(2) 2
11 236 20 1466.78) 20(3) 2
11 537 1495.9) 22(6)
12 390 (20) 183011) 19(3)
13136 15901) 18(6)
13182 27 194611) 17(3) 2
14 305 (22) 19151) 13(2)
14 915 17781) <10
15 642 (24) 24602) 16(2)
16 339 (24) 20341) 11(2)
16 976 20613) <5
18 476 (26) 21372) 5(1)
28343) <5
(18 705 (28%) 30633) 5(1)
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FIG. 5. A composite spectrum gf-ray transitions in’?Kr. The
spectrum was obtained by summing all possible channel-subtracted
vy gates associated witlfKr produced in the*®Ca+ °Ca reaction.

larity was interpreted as due to the alignmenggp particles

in a near-prolate potential, despite the low gain in alignment.
In the present work we have observed a much larger back-
bend abovel=14. These effects, especially the dramatic
high-spin backbend, were predicted by @ prior to the
experiment, and were suggested to correspond to the subse-
quent 2¢p and 4¢p alignment of protons and neutrons. The
agreement is not perfect, but is surprisingly good in a sche-
matic model where the core has fixed deformation. The
model does include configuration mixing, and, as predicted,
the observed sharpness of the second irregularity indicates
very little mixing between the crossing configurations. Wyss
and Satuld 6] have also predicted the high-spin behavior of
®8Se, through an extended TRS calculation. They also find
several shapes near the yrast line, with the oblate ground

The band crossing situation iffKr is indeed unusual: at state ~0.5 MeV more bound than the lowest prolate con-
spin J=16 the ground state band is crossed by a more fafiguration. In their model they find two excited bandt

vored configuration, but at higher spin, neas 24, the
bands appear to cross once more.

IV. DISCUSSION OF RESULTS FOR N=Z NUCLEI

Several changes of the kinematic moment of ineti¥,

A. %8se

which corresponds to a more collective core shape3of
~0.33 andy=—18° (corresponding to a quadrupole mo-
ment of Q;=2.33eb), and a less collectivdl configuration
with B,=0.34 andy=+32° (corresponding toQ,=1.21
eb). These bands have characteristics very similar to our
new data. The first two irregularities in the moment of inertia
correspond to changing from the oblate ground state to the

as a function of the rotational frequency can be seen in Fignitial prolate configuration, then to the collectid? shape.

10. The new data foP®Se are compared with a recent study In nature, thed2 configuration must lie slightly lower in

of 7%Se[35]. It can be seen that there are quite striking simi-excitation and thed1 configuration must lie higher than in
larities, which help with configuration assignments. At thethe calculation, to get the sequence of crossings to match.

lowest spins, collective oblate rotatiéwith a very low mo-

The swooping fall of the moment of inertia at the highest

ment of inertia is rapidly superseded by more favored near-spins is characteristic of a band moving towards termination
prolate rotation[27]. In our original study, the next irregu- and losing collectivity. In potential energy terms this is usu-
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FIG. 6. Spectra for?Kr obtained from sums ofy gates. In the FIG. 8. Angular distribution data for th@) 1588-keV,(b) 1662-

upper panel, one of the gates is the 1369 keV transition, and thkeV, and(c) 1022-keV transitions irfKr. All transitions are con-
other gate is a member of the ground state band below sginlh4  sistent withL =2 multipolarity, and support the assignments of the
the lower panel, one of the gates is the 1467 keV transition, and ththreeJ"=16" states in the “forking” region around 8700 keV.
other gate is a member of the ground state band below spin 14
The 1240 keV transition from the 9769 keV, "1&tate appears in
both spectra, but the 1022 keV1588 keV cascade is seen only in
coincidence withyy gates that include the 1467 keV transition.

these findings; that the yrast line has many changes in con-
figurations, from collective oblated,=0.22,y=—60°), to
axial prolate 3,=0.22,y~0°), then collective triaxial (3,
=0.35,y=—35°), and finally to a low-collectivity triaxial
shape 3,=0.33,y=+35°). The less collective high-spin
configuration is of {2,2]" nature, with two protons and two
neutrons in theg, shell.

The complex Hartree-Fock-Bogoliubov calculations of
Petroviciet al. [8] investigated oblate and prolate shapes in
%8se. Their approach is especially good for investigating the
mixing of states and the variation of specific residual inter-
60 ¢ ] actions. They infer considerable mixing of configurations at
low spin, but find a great simplification with angular momen-
tum. Above spinJ=10 they predict the prolate and oblate
bands to be rather pure, with transitional quadrupole mo-
mentsQ,=2.33eb for the prolate band and 1.%lb for the
oblate band, results which are in reasonable agreement with
the TRS calculations. It is interesting to note that the seminal
work of Nazarewiczt al.[1] predicted this type of behavior
to be generic to the region. Specifically, nearly 20 years ago
they predicted bands with near-prolate deformation with
smoothly increasing moments of inertia, and near-oblate
noncollective coexisting bands with sharp jumps in moment
of inertia atJ™=8" and 16 . In this picture the®®Se yrast

FIG. 7. Asum ofyy gates selected to enhance the transitions inline represents a change from collective oblate to prolate,
bandA in "?Kr. One member of each pair of gates belongs to bandhen onwards towards noncollective oblate motion as the op-
A, and the other belongs to the ground state band. timal mode of carrying angular momentum.

ally reflected in the minimum in the surface moving towards
the noncollectivey= +60° axis of the 3,y) shape surface.
An analysis o0f®®Se using the relativistic mean field approach
and the cranked Nilsson-Strutinsky methd| supports
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FIG. 9. A spectrum ofy rays in coincidence with transitions in fiw (MeV)

the ground state band dfKr. The upper panel shows the rays
g pper p e ray FIG. 10. The kinematic moments of inerti&®) for %Se (open

detected at forward angle®<90°), and the lower panel shows . .

those detected at backward angles>©0°). An event-by-event ";?d closed cwcle)_sand "Se [35] (dotted and dashed linksFor
Doppler correction has been applied to the data, under the assum l_Se,dthc_a cl)pen C'rﬂesb af:stahedgb:?te%;oung s(tjatehb?aar?d _the;1
tion that they rays were emitted after the nucleus left the target. osed circles are the bandsandB. or 5 e, the ashedline ISt €
The correction is appropriate for the 1588-keV transition. Noticeground state band, and the dotted line is the positive parity excited

that the 1662-keV, 1739-keV, 1830-keV, and 1915-keV transitiong®@"d labeled ag in Ref. [35].

of bandB are not correctly shifted, requiring A larger than the immediate. At low spin only one sequence gfdecaying
one applied, and indicating that therays were emitted while the states is known, although a low-lyint7=0" isomer, pre-

recoiling nucleus was still in the target. The 1467- and 1946-keVg, oy the prolate bandhead, has been recently identified
transitions of bandA require smaller corrections to the recoil

velocit [36,37. The ground state band frod~4 to J=14 reflects
4 the rotation of a near-axial prolate shapE0d]. Above J

As we will see in the following section, two distinct bands =14 three modes of carrying angular momentum appear to
are predicted, and seen, faKr, corresponding to building be supported, all of which are energetically favored at some

angular momentum collectively with a near-prolate shape, o?’pin' One lmode invo_Iv_es majntgining thg core defo_rmation,
less collectively with a near-oblate shape. Both of thes@nd the high collectivity. This is banB in Fig. 1 (right :
bands are also expected f8iSe. We have searched for the pa}ne) and appears to most closely cor'respond toa cqntlr!u—
smoother collective sequence in otiSe data. We were not ation of the_ground state sequence. It is marked as * in Fig.
able to find any candidate transitions for an extension of the-1 where it can beh.stre]en _tha'tAa rhqthgr gra(;ual clhange n
ground state band above spla14. This was partially due structure occurs at high spin. S this is ah: nucleus,

to the size of the datasets, the krypton experiment havin rotons and neutrons should align at near-identical frequen-
more than double the selenium statistics, but also due to th eZ’ SO thedgalndln aI]!gnme_nt ShOUI? be Iargﬁ. | duced
fact that in krypton the bands remain close together in exci- second mode o _rotat|0n INVolves a sharply reduce
tation. Indeed, the bands in krypton cross twice, and so apc_ore deformation, 'pola'rlzed by gl[gng@j,z protpns and'neu-
pear to have a rather equal population. The smooth continons: The reduction in collectivity is consistent with our
ation of the ground state band is non-yrast by less than 30 easurlemlen_t Ofl%'ﬁe_ltim'?l Dhoppler shifiSec. ILI i.gnd
keV at J=16 and carries 23) units of relative intensity rom calcu ation[ ]'_ IS 1S tbe sequence r(;wai ea In
compared with the 28) units for the less-collective se- !9 1. For some spin range betweén 18 andJ=24, itis
quence at the same spin. In selenium, a smooth extension %ﬂe energetically favored mode, with a large gain in spin
the ground state band would place the more collective O™ the aligned particles. However, the reduced collectivity

=16 level nonyrast by greater than 500 keV. Experimentally,Of the core and 1ts sm'aller moment of inertia means tha‘g with
ncreased rotation this band slowly loses out energetically

its nonobservation implies it carries less than 25% of the fluX
relative to the observed high-spin band. comparedl to the ground state sequence, and become_s non-
yrast again above spid=24. Near the second crossing
point, theJ=26 states in sequencésandB are nearly de-
generate, and some configuration mixing does appear to oc-
As in ®8Se, the moment of inertia is very irregular and thecur, as evidenced by the tentative interband transition of
yrast line has many changes in structure. Figure 11 shows tI&834 keV. Phase space considerations alone would make this
kinematic moments of inertia of bands 1AKr. The oblate- out-of-band path the dominant decay branch from the
prolate competition near the ground state is less evident in8 476-keV state, four times stronger than the in-band decay.
"2Kr than in %8Se as the transition to prolate states is almosin fact, it is a<30% branch. This order of magnitude reduc-

B. "Kr
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35 i i i i i i i tion of the core. Because it has a great deal of overlap with
the ground state band, this two-quasiparticle excitation can
be accurately calculated, as can the frequency at which it
becomes yrast. By comparison of odd- and even-nuclei with
the Bengtsson and Frauendorf cranked shell model, Garrett
et al. [40] were able to investigate normdl=1 pairing in
detail and study the reduction of pairing due to blocking of
orbits. They were also able to infer that the pairing interac-
tion had higher multipole, specifically quadrupole, compo-
nents. However, their approach relied on stable deformation
of the nuclei to infer shifts in crossing frequency. This plat-
form appears essential for the unambiguous use of rotational
behavior in investigating pairing correlations.

In the A~70 region the condition of shape stability is
manifestly not met. The dramatic band crossingsrarethe
mere alignment of pairs of particles to form &tand. They

‘ ‘ ‘ ‘ ‘ ‘ ‘ represent the crossing of totally different bands with unre-

0.0 02 04 06 08 10 12 14 lated structure. Estimating the crossing frequency of different
Hw (MeV) structures involves calculation of the absolute binding energy

. . . . and moment of inertia of each configuration, and not just the

FIG. 11. The kinematic moments of '”erﬂél;ZaS a function of  jncremental changes due to breaking of an individual pair of
the rotational frequencyw for bandsA andB of "Kr. The ground  haricles. At present, the required level of accuracy for such a

state b.anfl forks into tr:.ree Eranct?]es att”‘“ﬁ%?f) Mz\é’ Witg t:e calculation is beyond the scope of current theory which is
open circles representing bard the asterisk¢*) bandB, and the needed to gain quantitative information op pairing.

closed circles showing the 1240 keV 1369 keV cascade from the For the purpose of discussion and comparison we have

A
18" level at 9769 keV. calculated the Routhians fd#®7%Se and "?7Kr using the
reference moment of inertiy = 17.5.%/MeV taken from the

tion indicates a small overlap of wave functions in the two : . :
sequences with rather little mixing, despite th&=26" work of de Angeliset al.[10] with an AS® mass scaling. The

states being separated by only 230 keV. new data for’°Se are from Rainovslkit al.[35] and for "/Kr
Finally, there is a third)=16 state at 8528 keV which from Rudolphet al. [41]. The'reference is only for relative
does not support any observable rotational band, although Rortr_ayal of the data, removing the bulk average energy Of.
is the yrastl= 16 configuration. From its sharp line shape in rotation, and does not refle_ct any assumption about the_nuclel
the study of de Angelist al. [10], it appears to be relatively having the same shape. Figure 12 shows these Routhians. It

long lived, and possibly corresponds to a near-spherical full IAt\;?r)rlw cIe_ar tlrl]abt ?GILSthe;e nutj:lel hfave (;(atatl;res |2Ncorr|1mon.
aligned @q,,)* shell model state. To have the least collective Igh spin alt but™>€ have been found to have two close-

state as part of the yrast line is very unusual. It appears to b!(¥'ng' even spin positive parity bands, an unusual feature in
similar to the situation ir?Mg [38] where a favored non- itself. One of the bands always has a very sharp backbend.

collective J=8, (ds)* configuration is substantially more Theoretical calculation§6,35] for %Se indicate that this

bound than the collective rotational bands. feature |s.assouated W'th .the alignmentgaf, protons and
neutrons in a low-collectivity near-oblate potentiak., the

triaxiality is large and positive in the Lund conventjoithe
predicted shapes in both nuclei are in good agreemgni;)(
of (0.34+32°) [6] and (0.35+35°) [7] for %%Se, and
In analysis of rotational spectra it is sometimes conve{0.30;+24°) for °Se [35]. Experimentally, for "°Se, this
nient to define a fixed core moment of inertia, then studyprediction is reinforced by the unusual property of the re-
relative changes in spifusually denoted, the relative align-  cently studied42—44 oblate, 8-decaying,J"=9" isomer
meny and changes in energyusually denotede, the in "°Br that exclusively picks out this nonyrast structure and
Routhian with respect to the fixed core. This approach isshows no decay branch to the more collective ground state
quantitatively powerful in rigid fixed-shape nuclei, like those sequence that is favored by phase space. The second band
found in the center of the rare-earth and actinide nuclei. has a much smoother behavior. Calculations indicate this to
Bengtsson and FrauenddB9] have presented clear pre- correspond to states in a distinct second minimum of the
scriptions for extracting alignments, Routhians, and crossingpotential energy surface that has a similar quadrupole defor-
frequencies from experimental data. Specifically, for truemation but has a negative triaxiality paramejein the Lund
backbending, the crossing frequency is the point at which theonvention, which leads to higher collectivity and a larger
Routhian loops and crosses itself. For stronger interactingnoment of inertia. Again the calculated minima agree quite
upbends, the straight sections of the Routhian curves need well: (3,y) of (0.33-18°) [6] and (0.33;-35°) [7] for
be extrapolated back to a crossing point. In this framework ®Se, and (0.35;45°) for "°Se[35].
the concept of asband is clear-cut; it is associated with the ~ 7?Kr seems to follow the behavior of the selenium iso-
alignment of a single pair of particles without any perturba-topes rather closely, as can be seen from the Routhians of

V. COMPARISON TO NEIGHBORING EVEN-EVEN
NUCLEI

064318-9



S. M. FISCHER, C. J. LISTER, AND D. P. BALAMUTH PHYSICAL REVIEW @7, 064318 (2003

3.0 - T - . - . - . : ; : ;

20 t 68Se 1 72

10 t + ]

70

1.0 r T

2.0 e
00 05 10 00 05 10 15

Aw (MeV)

FIG. 12. The experimental Routhiaesfor %7%Se and’>"Kr calculated using a reference of 17%MeV from Ref.[10] and aA>?
scaling for the other nuclei.

Fig. 12. As discussed in Sec. lll B, the lifetimes measured imixing. In that case the two bands seem to cross adiabati-
this work appear to follow the selenium predictions of two cally atJ~14, and the nature of yrast and yrare excitations
stable minima associated with more and less collectiveare smoothly exchanged. Analysis of the branching ratios of
bands. This similarity is borne out by a calculation of tran-the intraband to interband transitions is revealing. When the
sitional quadrupole moments. Taking the topology predictettS phase space factor is removed, and using two-level mix-
[6] for **Se the two configurations hay@=2.33 and 1.21 g assuming the crossing transitions arise solely from mix-
eb, respectively. Res;<2:a||ng these moments for the slightly,s of the wave functions, one finds that the 14 states are

different A and Z of "Kr would suggest moments @  3imost completely mixed, whereas all the other crossing de-

:b2|'51 a';'jd 1.3@b fortthihkrypt(()jr.]ﬁbandt;. ITITSt'iS in r(:"ml";‘rk'flays have quite small<10%) mixtures. Thus, the yrast se-
ably good agreement with our difierential itetime resulls o quence starts at=4 in the collective minima and ends at

Q;=2.52(47) and 1.135) eb. A more direct comparison ; . . .
with earlier calculation$10] of “?Kr that predicted minima J>18 in the less collective one. This provides an aliemate
and self-consistent explanation for the experimentally ob-

f high f i llecti ith 8,=0.4 . »
of higher deformation (collective band with 5,=0.43, served fall in transitional quadrupole momdai from Q

y=—22°, less-collective band with3,=0.30,y=+10°) > -
shows poorer agreement, wigy=3.39e b and 1.90e b for —2.8_eb to 2.1eb, although the authors (_)f that work origi-
nally interpreted the effect as due to a single shape with its

the more and less collective bands. X i -
There are also differences between these nuclei whicRXial quadrupole deformation shrinking frosy of 0.36 to

should be noted. The most striking of these is that the strucd-28. The different degrees of mixing can provide informa-
tures in theN=Z nuclei appear to evolve quite separately, tion about the barrier between configurations. It appears that
with few crossing transitions between bands, whereadthe the N=Z nuclei have deeper, better defined minima, as the
=Z+2 nuclei show many linking transitions over a wide shapes where shell gaps cause extra binding are optimized
range of spin. As the basic configurations are very differentsimultaneously for protons and neutrons. It is likely thacr
these linking transitions probably reflect a varying degree ohas minima that are closer in shape, separated by a lower
mixing between the states at each spitiKr shows the most  barrier, and thus has more mixing. Indeed, the lifetime mea-
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surements or 2Kr from this work show a bigger fractional ~ For both 7>7Kr the more collective bands extend well
difference in collectivity compared to the difference mea-past the shape crossing, and then show evidence for another
sured for "Kr. An alternative interpretation of the yrare irregularity. It is this second crossing that most closely re-
band in "“Kr has been suggestddl] involving neutron sembles the normal notion of alignment in a fixed shape
alignment in a prolate potential. However, in light of the new potential. Although thes-band interaction in the higher fre-
data and the close similarity 687r, we feel that the shape guency region is strong, one can extract a crossing frequency
mixing explanation offers a more consistent picture for thes®f #©~0.88(3) for both ">"Kr, despite the fact that the
bands. The “two-shape” explanation may also resolve thestrong shape mixing if*Kr somewhat masks this crossing.
long standing puzzle of the degree of alignmei "*Kr. Thus, even when a crossing of the appropriate type is located
Although the upbend is always described agyg,* align-  there seems little evidence for any alignment delay. In theo-
ment,i is found to be approximately/8 as opposed to the retical calculation$16—19 considerable emphasis has been

164 that is expected for a straightforward cranked shellput on the fact that th&l=Z nuclei are especially suscep-
model interpretatiofi39]. tible to enhancedT=0 correlations, and that the effects

should fall away very rapidly iN=2Z+2,Z+4 nuclei. The
data presented here do not seem to support any suggestion
that the crossings ibN=Z nuclei occur at drastically differ-
ent frequency when compared kb=2Z+2 nuclei, and thus
With this two-shape scenario in mind we can now addresslo not obviously provide any clear evidence o+ 0 corre-
the issue of band crossings and alignment delays in morktions. However, it should be noted that this crossing fre-
detall. In a situation where the nuclei have two coexistingquency, 7« =0.88(3) MeV, is extremely high. A detailed
shapes, several different types of crossings can occur. In eaemalysis[12] using the cranking model with reasonable de-
minimum, particle alignment will proceed and cause tradi-formations, consistent with our lifetimes, and norniat 1
tional Sband type crossings. For thd=Z nuclei these pairing could not reproduce the high crossing frequency. We
crossings should occur simultaneously for protons and nelhave performed similar calculations and reached the same
trons. Further, as the two minima are associated with differeonclusion. Only wherm=1 andT=0 pairing correlations
ent moments of inertia, the minima themselves can have awere included12] could the experimental situation be ap-
additional crossing as the rotational frequency changes tproached. Thus, although the bands and their crossings are
favor one shape over another. F6#'%e, the less- and now clearer and show no evidence for a delay betwsen
more-collective sequences have crossinggiat=0.65(2) =Z andN=Z+2 nuclei, the apparer@band crossing in the
and 0.702) MeV, respectively. Thus the crossing frequency collective sequence is difficult to reconcile with the “nor-
is lower in theN=Z case compared td=Z+2, contrary to mal” cranking analysis.
any expectations of a delay. However, this is a crossing of It is interesting to follow the progression of the minima in
shapes, and not the type of crossing that would use to segke potential energy surface bf=Z nuclei with increasing
np correlations, for which one needs stable deformation. Irmass. This pattern is shown in Fig. 13. For selenium, the
0Se the collective sequence shows such strong interactidmighest spin states are dominated by the low-collectivity
between configurations that the alignmentgaf, particles  near-oblate configuration, while for krypton, a close balance
cannot be discerned at all. Consequently, no statement can [gereached and both low- and high-collectivity configurations
made about the crossing frequency in the collective configueoexist. Only for strontium and heavier nuclei, the strong
ration. For®8Se, the collective sequence could not be foundnfluence of theN,Z= 38,40 prolate shell gaps dominates all
at high spin, and as a result, can provide no additional inforstructures and the near-prolate, high collectivity bands domi-
mation. nate. In the heavieN=2Z Sr, Zr, Mo, and Ru nuclei align-
The krypton isotopes are more informative. The crossingnent delays or delay limits have been repor{d®,14].
between collective and noncollective structures is now cleatdowever, in the light of this work the decay schemes of
especially in “Kr, and both lie close to fw  these nuclei need to be developed to substantially higher spin
=0.67(2) MeV, perhaps with a very small extra delay for before any firm conclusion can be reached concerning align-
the N=2Z isotope, but if so the delay i20.01 MeV. The ment delays.
delay reported by de AngeliglQ] is now revealed as an
artifact arising from thg sharpness of the backbend,; on_Iy VIl. CONCLUSION
when the full sequence is mapped out can the actual crossing
frequency be determined. The new experimental crossing We have extended the decay scheme§®ke and’*Kr.
frequency is somewhat higher than the TRS calculation reThe new data, when compared to each other and to neigh-
ported in Ref[10], where a crossing dfw=0.55 MeV was  boring nuclei, clarify considerably the band structure and the
predicted in a calculation that did not include pairing. To  nature of the crossings. IffSe, the yrast line shows many
obtain this result it was necessary to calculate the shapes shape changes, from oblate to prolate, then collective tri-
the bands independently as well as the difference in theiaxial, and finally noncollective oblaté?Kr exhibits a similar
binding energies. The predicted shapes do not quite matchariety of shapes, but here the shapes coexist without much
the quadrupole moments extracted from our lifetime esti-mixing. This variety of shapes allows a bewildering variety
mates, and this difference could account for the discrepancgf possible particle alignments and backbends, both due to
in crossing frequency between theory and experiment. pair breaking associated with a single shape, and due to dif-

VI. BAND CROSSINGS AND THE SEARCH FOR
ALIGNMENT DELAYS
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5.0 , , , , , , , mistakenly comparing different types of crossings #riKr.

Our differential Doppler shift measurements have helped cat-
egorize the bands. In this work, the bands have been care-
40t o 1 fully matched and the same crossings have been isolated in
Se the two nuclei. No clear evidence for any relative delay can
be found. Thus, we do not seem to have any evidence for
T=0 np-pairing correlations, although the crossing fre-
quency seems anomalously high. In the future, for more de-
tailed investigation of the evolution of these bands, it must
be demonstrated that the core shapes can be tracked through
state-by-state lifetime measurements before any inferences
about pairing can be drawn. The pairing field also influences
the strength of interaction between configurations, and it may
be that a careful investigation of the mixing between con-
figurations in the crossing regions can provide a useful tool
for probing the nature of the pairing correlations at high spin.

20 r

e (MeV)
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0.0 |
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